Abstract: An optimization guideline is proposed for designing of the single longitudinalmode Fabry-Perot (FP) laser based on the self-assembled InGaAs/GaAs quantum dots (QD). With the optimal values of the inhomogeneous and homogeneous gain-broadening parameters, a design example is simulated and analyzed. It shows that a side-mode suppression ratio (SMSR) over 40 dB and a 3-dB bandwidth of 17 GHz for the small-signal modulation response are obtained. The quantitative conditions for the performance feasibility are examined with respect to the gain broadening parameters.
Introduction
The fast development of optical access network generates a high demand for the low-cost semiconductor diode laser [1] , for which the Fabry-Perot (FP) laser is a competitive candidate due to its simple fabrication and high yield. However, the output with multiple longitudinal modes restricts its application in the optical communication systems, because the spectral properties of the laser source are critical for reducing the dispersion and mode partition noise. To realize the single-mode operation, the quantum dot (QD) as a new material is explored and investigated [2] , in which the carriers are spatially restricted to the smallest possible dimension.
In recent years, the various III-V and III-Nitride material-systems-based QDs have been researched and applied for the telecommunication laser diodes with lasing wavelength around 1.3 m and 1.55 m [3] - [8] . Increasing the carrier confinement to all three directions can provide several key advantages to the laser: high material and differential gain, which leads to lower threshold current [3] ; better temperature stability [4] ; and narrower gain spectrum [5] , [6] . Efforts are also made to escalate the performance on the modulation bandwidth [7] , [8] .
For one single QD, if the size is small enough (i.e., comparable with de Broglie wavelength in all three directions), the energy levels are discrete, and the intraband energy levels are further separated if the size becomes even smaller. When the energy difference between the ground state and the excited state is larger than several times of the thermal energy, almost all of the carriers remain in the ground state if not saturated. In this case, the QD shows similar energy band structure to a single atom, and the gain spectrum is a delta function. Experiments showing ultranarrow luminescence lines from a single QD have proven this fact [9] .
However, for realistic QD assembles, the gain spectrum is not a delta function but peaks with finite bandwidth of dozens of nanometers. The reasons are manifold; such spectrum broadening effects can be classified into two categories: the homogeneous and inhomogeneous broadenings. The homogeneous broadening is intrinsic to each QD, mainly caused by the dephasing process and the carrier relaxation process and results in a Lorenzian shape in the photoluminescence spectrum. The inhomogeneous broadening is extrinsic, caused by the nonuniformity of the size, shape, and composition from dot to dot in the QD assemble. This nonuniformity depends on the fabrication methods. With the self-assembling Stranski-Krastanov (S-K) growth technique, the defects of each dot can be well controlled compared with the earlier top-to-bottom fabrication methods; however, the use of S-K self-assembled QDs resulted in larger QDs size distribution for III-V and III-Nitride material systems [10] - [13] , which resulted in large inhomogeneous broadening in optical gain. Recent works by employing selective-area epitaxy (SAE) with diblock copolymer lithography patterning has resulted in highly uniform and very high QD density for forming the QDs in both InGaAs and InGaN material systems [14] , [15] . The use of highly uniform QDs formed by SAE method will result in reduced inhomogeneous broadening in the optical gain.
Because of these broadening effects, the gain spectrum of QD assembles currently reported is not narrow enough to select a single lasing mode. To overcome that, some additional structural mode-selective schemes are used, for instance, the gain grating by periodically etching away some of the QDs in the so-called QD distributed feedback (DFB) lasers [16] or the absorptive metal grating used by the laterally coupled QD DFB lasers [17] , [18] or the external-cavity feedback, which is wavelength selective [19] . Such designs notably increased the complexity of the device.
The purpose of our paper is to investigate the condition of the single-mode operation for QD lasers without any additional mode-selective scheme by studying the interplay of the homogeneous and inhomogeneous broadenings. The relationship between the spectral widths and broadening parameters is quantitatively discussed. We prove that, by controlling the broadening parameters, it is possible to achieve the single-mode operation with such a simple FP cavity [20] . In this paper, a comprehensive discussion is given. First, the effects of the two broadenings on the laser gain spectrum are clearly demonstrated by the simulation results. Based on the analysis, the spectral widths of the two broadenings are optimized for the single-mode selectivity. Then, through the laser behavior simulation, the side-mode suppression ratio (SMSR), as well as the threshold current and modulation bandwidth, is discussed with the optimal parameters, and the design requirements for the single-mode operation are investigated. Finally, a single-mode FP QD laser as a design example is analyzed in Section 4.
Optimization of the Homogeneous and Inhomogeneous Broadenings
We use Sugawara's rate-equation model to simulate a typical self-assembled InGaAs/GaAs QD laser [21] - [24] . The schematic structure of this laser is shown in Fig. 1 . The laser is made with a ridge waveguide structure, and the active region consists of several self-assembled InGaAs QD layers, which are separated and sandwiched by thin GaAs layers. The heterostructure is formed together with AlGaAs cladding layers, and the substrate is made of GaAs. Details of the laser structure and parameters can be found in [21] . Although designed for this specified laser, the rateequation model is generalized and can be used for other QD lasers with slight modifications.
The numerous QDs in the active region can have different transition wavelengths as the reason for the inhomogeneous broadening. The probability density of dots per unit wavelength with regard to the transition wavelength takes Gaussian distribution [21] , whose center locates at 0 as the average transition wavelength and the distribution variance is 0 , i.e.,
and the full width at half maximum (FWHM) of the inhomogeneous broadening is À in ¼ 2:35 0 . The homogeneous broadening for each of the QDs is described by a Lorentz expression with its FWHM represented by À ho [21] , i.e.,
And from the rate-equation model [21] , the modal gain can be expressed by
where m 0 indicates the electron mass, h is the Planck constant, c is the speed of light in vacuum, e is the elementary charge, " 0 is the vacuum permittivity, N D is the volume density of QDs, À is the optical confinement factor, n r is the group index in the laser cavity, and P cv is the transition matrix element. Nð 0 Þ represents the carrier density distribution among the QDs with regard to its original transition wavelength.
Given that the cavity length is 900 m and the cavity effective refractive index is equal to 3.5, the modal energy interval ÁE is around 0.197 meV. In our calculation for this section, totally 351 longitudinal modes are simulated in a wavelength range from around 1198 nm to around 1284 nm. This range is wide enough to cover the inhomogeneous broadening of the QDs, thus clearly showing their contribution to all of the optical longitudinal modes.
Effect of the Two Broadenings
To investigate the effect of the two broadenings on the laser gain spectrum and the output spectrum, we simulate the laser with different broadening parameters. First, we fix the FWHM of the inhomogeneous broadening À in to 20 meV and vary the FWHM of the homogeneous broadening width À ho from 0.1 to 10 meV. Second, À ho is fixed to 10 meV and À in is varying from 5 to 20 meV. The driving current is set to be 10 mA. Fig. 2 shows the spectra of the modal gain and the output power. As a validation of our simulation, Fig. 2(b) is consistent with the calculation and experimental results of Sugawara et al. [21] .
The inhomogeneous broadening decides the spontaneous emission, which always happens no matter if the lasing condition is reached or not. The arc-shaped bottom of curves in Fig. 2 
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High-Performance Self-Assembled QD Lasers represents the spontaneous emission spectrum, and it always remains the same when the inhomogeneous broadening is fixed. From Fig. 2(d) , we can see that, when the inhomogeneous broadening width becomes larger, the spontaneous emission spectrum has a wider peak; the gain spectrum peak also becomes wider, as shown in Fig. 2(c) . Accordingly, the number of lasing modes increases.
On the other hand, the homogeneous broadening of each QD gives the possibility for the QDs to have collective lasing while they have different transition wavelengths. As we can see from Fig. 2(a) , when the collective modal gain reaches the value of the cavity loss, the lasing happens at the central wavelengths, and then, the modal gain is clamped at that value; also from Fig. 2(b) , when À ho increases, the collective lasing becomes stronger, and the output power spectrum narrows.
Parameter Optimization on the Two Broadenings
Then, we run simulation on different settings of the inhomogeneous and homogeneous broadenings and calculate the 90% bandwidth of the gain spectra, which is defined as the bandwidth where, at the band edge, the gain drops to 90% of its value at central wavelength. The results are shown in Fig. 3(a) and (b) , while the driving current is equal to 10 and 40 mA, respectively. As concluded above, the gain spectrum gets wider if the inhomogeneous broadening is larger. However, when the homogeneous broadening increases, the gain spectrum first gets narrower and then gets wider, as we can see that all of the curves show a V-shape. Besides, the curves are similar in the two figures that are under different driving currents, which means that the gain shape does not change much when the current changes. This characteristic is a merit for laser design.
The reason that the curves in Fig. 3 show a V-shape is explained as follows. At first, the inhomogeneous broadening causes the QDs to have emission at different wavelengths. Because they are spatially detached, the spontaneous emission comes from each of them separately, and the spontaneous emission spectrum follows exactly the same Gaussian distribution as that of the inhomogeneous broadening within the wavelength scope. Then, after the photons are generated, they can travel from dot to dot as the seeds of the stimulated emission. Because of the homogeneous broadening, each of the QDs is not only allowed to have emission at its original transition wavelength but also have the possibility to emit in the vicinity of that wavelength. With that possibility and the travelling photons, the gain competition for stimulated emission can happen on all of the wavelengths, and then, the collective lasing takes place on the central wavelengths of the Gaussian distribution. In this way, the homogeneous broadening causes a narrow gain peak, and when the homogeneous broadening increases, this collective effect is stronger and the gain peak gets narrower. When the homogeneous broadening is large enough, i.e., larger than the bottom location of the V-shape, it also becomes another reason for the broadening of the gain spectrum. This is similar to the effect of inhomogeneous broadening and not difficult to understand.
Therefore, to achieve a gain spectrum as narrow as possible, we can find the best value for the FWHM of the homogeneous broadening, which is related to the chosen inhomogeneous broadening. From Fig. 3 , we can extract these optimal values, which are shown in the legend of Fig. 4. 
SMSR Analysis and the Design Requirement
Reducing the cavity length can increase the energy interval of longitudinal modes; thus, we set the cavity length as L A ¼ 200 m. Now, the energy interval ÁE is equal to 0.887 eV and totally 81 modes are considered in the simulation. Numerical experiments have been carried out to confirm that the energy/wavelength range is large enough to describe the two broadenings.
If the FWHM of the inhomogeneous broadening and the homogeneous broadening sit on good combinations like those listed in the legend of Fig. 4 , we find that the single-mode operation can take place. Fig. 4 gives the SMSR under a driving current varying from 5 to 50 mA and with different optimal broadening-parameter settings. The multiple curves in the figure are corresponding to several optimal cases of the broadening parameters, which are shown in the legend. In each case, À in is preselected and À ho is optimized to lead to a narrowest output power spectrum; thus, the SMSR is expected to be the highest for the given À in .
From Fig. 4 , we can conclude that when the inhomogeneous broadening has a larger width or gets wider, the SMSR is reduced and the best SMSR obtained by adjusting the homogeneous broadening deteriorates. Thus, for a specific SMSR requirement, the bandwidth of the inhomogeneous broadening should be limited to a certain value. For instance, with a cavity length of 200 m and a driving current of 5 mA and above, Fig. 4 shows that, if the FWHM of the inhomogeneous broadening is lower than 17.5 meV, the SMSR can be over 38 dB. When taking account of the nonideal laser operation conditions in reality, this SMSR may decrease slightly. From this point of view, to realize a single-mode QD laser with a sufficient SMSR, the first requirement is that the bandwidth of the inhomogeneous broadening has to be controlled within a limited value, which is generally the lower the better. Following the analysis described in Section 2, the optimal homogeneous broadening can then be calculated for the purpose of obtaining the best SMSR. The second requirement is to adjust the bandwidth of the homogeneous broadening of the QDs to the optimal value. Since it is proved that the homogenous broadening is influenced by the interlevel spacing energy of the ground state and the excited state [25] , one possible way of adjusting the homogeneous broadening is to design the QDs' energy levels carefully through the control of the size or shape of the QDs. For instance, when the size is larger, the interlevel energy is reduced; thus, the homogeneous broadening will have a narrower linewidth [25] . The other way to control the homogeneous broadening is adjusting the working temperature [21] . With lower working temperature, the homogeneous broadening will also have a smaller value. Fig. 5 gives the threshold current and the 3-dB bandwidth of the small-signal modulation response of the FP laser with the optimal broadening parameters listed above. Generally, with a larger given inhomogeneous broadening, the optimal homogeneous broadening is also larger, and these two cause a wider gain spectrum. The x -axis is the FWHM of the gain spectrum under a Fig. 4 . SMSR versus the driving current with optimal settings of the inhomogeneous and homogeneous broadening. driving current of 5 mA (in fact, the FWHM of the gain spectrum does not change much when changing the driving current). We can see that the threshold current is almost linearly dependent on the width of the gain spectrum, while the 3-dB bandwidth is also close to a linear dependence. With narrower inhomogeneous and homogeneous broadenings, we can get a smaller threshold current, as well as a larger modulation bandwidth.
Single-Mode QD Laser Design
As a design example, we study one of the optimal case, that the FWHMs of the two broadenings are both equal to 10 meV, i.e., À in ¼ À ho ¼ 10 meV % 12:4 nm, and the cavity length L A ¼ 200 m. The characteristics of this laser are presented as follows. Fig. 6 shows the turn-on effects of the laser while the driving current is 10 mA. Fig. 6(a) records the carrier number of several QD groups with transition wavelengths locating around the average transition wavelength, which means that they have the most carrier numbers. Fig. 6(b) gives the total output power and the modal output power of several longitudinal modes whose wavelengths are close to the central wavelength. As we can see, the carrier relaxation is settled down within 0.2 ns, and all of the seven optical longitudinal modes shown in the figure are stimulated in this time period. However, after that, the modal competition goes on and the optical mode with the central wavelength obtains more power, while the other modes are suppressed. This competition takes a much longer time (around 2.5 ns) than the carrier relaxation. This is different from the conventional bulk or quantum-well (QW) laser mainly due to the collective lasing effect. After the oscillation relaxation is settled down, because of the homogeneous broadening, the carriers that are spatially detached start to adjust their transition wavelength to contribute to the optical modes that have the highest collective modal gain, and this process takes a much longer time, as shown in the figure.
Turn-on Effects

Gain Spectrum and Output Power Spectrum
The output power spectra shown in Fig. 7 indicate that the SMSR reaches 40.6 dB under 5-mA driving current and 43.7 dB under 10-mA driving current, which can be regarded as sufficient SMSRs for the single-mode selectivity. Fig. 8 demonstrates the gain spectrum and the carrier distribution with a driving current of 10 mA. The FWHMs of them are 23 and 13.5 nm, respectively. The gain spectrum has a wider peak compared with the carrier distribution, because the carriers contribute to the adjacent wavelengths due to the homogeneous broadening. And the carrier distribution is also unique to the QD laser because the carrier from different QDs has different original transition wavelength; thus, this figure mainly demonstrates the carrier distribution among the QDs. 
Modulation Response
The direct-modulation response of the designed laser with À in ¼ À ho ¼ 10 meV is then simulated. Fig. 9(a) shows the small-signal amplitude-modulation response. It indicates that the 3-dB bandwidth is between 12 and 17 GHz, which is relatively large, for different bias currents from 2 to 5 mA. This is partially because of the relatively high relaxation frequency. Generally, the relaxation frequency of a laser is proportional to 1) the differential gain and 2) the subtraction of the driving current and the threshold current. Compared with conventional QW lasers, due to the higher 
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High-Performance Self-Assembled QD Lasers differential gain and lower threshold current of the QD laser, its relaxation frequency is easier to reach a high value even at low driving currents. The other difference for the small signal response between this QD laser and the QW lasers is the carrier-transport-induced parasitic response, due to the different scheme of the carrier transport. This parasitic response has a tendency to decline as the frequency increases. For QW laser, this parasitic response is relatively weak, and the small signal response curve is almost flat before the relaxation frequency. For QD laser, as we can see in Fig. 9(a) , the curves start to decline before the relaxation frequency. This parasitic decline also gets faster if the driving current increases. Fig. 9(b) shows the large signal response for the designed laser. The output power and the realtime SMSR are demonstrated, when a square-wave current modulation is applied, i.e., the current jumps between 10 and 14 mA at a frequency of 2 GHz. The SMSR changes slightly with the varying of the driving current. The overall SMSR calculated by taking the average on this curve reaches 45.45 dB, which is higher than the static SMSR of 43.7 dB under a driving current of 10 mA, and simply reflects the higher average driving current. This result implies that this large-signal modulation does not reduce the SMSR.
Conclusion
From the simulation of the self-assembled QD FP laser, we demonstrate that, for a fixed inhomogeneous broadening, one can find an optimal value of the homogeneous broadening, which leads to the narrowest bandwidth of the gain spectrum. With these optimal values, the single longitudinalmode laser can be realized. As an example, when the two broadening widths are both equal to 10 meV, the SMSRs of 43.7 dB under the bias current of 10 mA and 40.6 dB under the bias current of 5 mA are obtained with a cavity length of 200 m. Besides, a 3-dB bandwidth of 17 GHz for the small-signal modulation response is achieved under the bias current of 5 mA.
As a general investigation, more optimized cases are simulated under a driving current varying from 5 to 50 mA. The SMSR is over 35 dB in all cases. Moreover, for this specific laser, the results demonstrate that, to achieve an SMSR over 38 dB, the inhomogeneous broadening should be lower than 17.5 meV. And the threshold current is lower and the modulation bandwidth is larger if smaller broadening parameters are used. This paper can provide a quantitative reference basis for the single-mode QD laser design. To realize such designs, while the inhomogeneous broadening is generally determined by the fabrication techniques, the bandwidth of homogeneous broadening can be tuned to match with the corresponding optimal value.
